Abstract-We demonstrate for the first time III-V tunnel junctions grown using hydride vapor phase epitaxy (HVPE) with peak tunneling currents >8 A/cm 2 , sufficient for operation of a multijunction device to several hundred suns of concentration. Multijunction solar cells rely on tunneling interconnects between subcells to enable series connection with minimal voltage loss, but tunnel junctions have never been shown using the HVPE growth method. HVPE has recently reemerged as a low-cost growth method for high-quality III-V materials and devices, including the growth of high-efficiency III-V solar cells. We previously showed singlejunction GaAs solar cells with conversion efficiencies of ∼24% with a path forward to equal or exceed the practical efficiency limits of crystalline Si. Moving to a multijunction device structure will allow for even higher efficiencies with minimal impact on cost, necessitating the development of tunnel interconnects. Here, we demonstrate the performance of both isolated HVPE-grown tunnel junctions, as well as single-junction GaAs solar cell structures with a tunnel junction incorporated into the contact region. We observe no degradation in device performance compared to a structure without the added junction.
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I. INTRODUCTION
S
OLAR cells made from III-V semiconductors have an important advantage over today's market-dominant Si devices: it is straightforward to increase the conversion efficiency of III-Vs through the use of multijunction structures. Twojunction GaInP/GaAs photovoltaics (PV) have achieved 31.6% efficiency under 1-sun illumination [1] and metamorphic GaInAsP/GaInAs devices recently achieved 32.6% [2] while four-junction versions have reached 46% under concentrated sunlight [3] . Each of these devices requires that current be transferred between the subcells without a significant voltage drop, which is accomplished by tunneling carriers through an abrupt, highly doped Esaki diode [4] or tunnel junction.
Despite the technical success of multijunction III-V devices, they have not expanded beyond niche markets due to their high production costs. Hydride vapor phase epitaxy (HVPE) has reemerged as a low-cost epitaxial growth technique capable of growing very high-quality III-V materials and devices [5] , [6] . HVPE lowers the cost of epitaxial growth by efficiently using inexpensive source materials while doing so at high deposition rates. However, until recently HVPE had difficulty in producing complex devices or III-V solar cells with good conversion efficiencies. We recently showed a single-junction GaAs solar cell with ∼24% conversion efficiency that displayed excellent heterointerface passivation [7] , [8] . This efficiency, despite being expected to improve with additional development, is not likely to displace crystalline Si solar cells even with the cost reductions that come with HVPE growth. It is valuable to use HVPE to make multijunction devices with much higher conversion efficiency than Si can hope to match in order for III-V PV to become relevant in terrestrial applications. Higher efficiencies will help to reduce the balance of system cost of installed modules [9] . Here, we demonstrate the first HVPE-grown tunneling diodes enabled by our custom, dynamic HVPE (D-HVPE) reactor [10] . We show GaAs/GaAs tunnel junctions with peak tunneling currents sufficient for two-junction device operation at several hundred suns concentration. We also describe initial diodes that incorporate a GaInP layer for greater optical transparency. Finally, we incorporate a tunnel diode into a single-junction solar cell contact layer and show no voltage drop compared to a control device.
II. EXPERIMENTAL METHODS
III-V materials and devices were grown using our custom, dual-chamber D-HVPE reactor [5] , [6] , [10] . The reactor uses elemental metals as the group III source and hydride gases for the group V sources, with a typical V/III ratio ∼2-4. The growth rates for GaAs and GaInP were ∼1 and ∼0.4 µm/min, respectively, unless otherwise noted, and the substrate temperature for all layers was 650°C. Substrates were (100)-oriented GaAs with a 4°miscut toward the <111>B direction. Doping was achieved using a diethylzinc bubbler source held at 3°C (p-type) and a 500 ppm H 2 Se in H 2 gas source (n-type). Carrier concentrations and mobilities were determined using van der Pauw Hall effect measurements on doped epilayers. Current density-voltage (JV) measurements were performed using an XT-10 solar simulator using a simulated AM1.5G spectrum. Kelvin probes were used to remove the probe contact resistance. Solar cell device areas were 0.25 cm 2 and the tunnel junction pads were 0.0028 cm 2 . All structures used Au front and back contacts and devices were 2156-3381 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. isolated by mesa etching below the junction using wet chemistry. JV measurements under concentrated illumination were performed using a high intensity pulsed solar simulator, where the intensity was adjusted with different size shutters.
III. RESULTS AND DISCUSSION
We grew a series of n-type GaAs layers with different H 2 Se dopant flows to determine the maximum electron concentration, n, obtainable in GaAs for our standard growth conditions. Fig. 1(a) shows the electron concentration and carrier mobility for this series. Clearly, the carrier concentration saturates at higher dopant flows. We performed secondary-ion mass spectrometry (SIMS) on selected samples in order to compare the electron concentration determined from the Hall effect measurements with the metallurgical concentration of Se, [Se] . The dashed line in Fig. 1(a) gives a rough estimate of [Se] in the films as determined from the SIMS measurements. There is a divergence between n and [Se] for electron concentrations above 10 18 cm -3 , likely due to the formation of Se precipitates in the epilayers [11] , [12] . For the highest dopant flow used (20 sccm), the electrically active concentration of Se atoms drops, again likely due to precipitate formation. However, we were able to achieve carrier concentrations in excess of 10 19 cm -3 using our standard growth conditions, which is high enough to degenerately dope the conduction band.
P-type doping in GaAs is far easier than n-type doping, and this difference is clearly shown in Fig. 1(b) . Indeed, hole concentrations nearing 10 20 cm -3 were achieved using diethylzinc without apparent saturation of the doping level.
Tunneling through a pn junction requires that the interface be abrupt on the atomic scale. Previous HVPE growth systems commonly lacked the ability to form high-quality, abrupt interfaces due to long transition times for the metal chloride reactants or the lack of spatial separation of process flows. Our D-HVPE reactor allows for the formation of abrupt interfaces without significant interdiffusion or contamination [13] . Using this system, we demonstrated GaAs solar cells with high-quality heterointerface passivation, achieving single-junction efficiencies of ∼24% and open-circuit voltages (V OC ) of ∼1.06 V at 1 sun, indicative of excellent interface control [7] , [8] . We used the D-HVPE reactor to form a p ++ GaAs/n ++ GaAs tunneling diode with the dopant flows that led to the highest electrically active carrier concentrations in Fig. 1 . The p ++ GaAs:Zn layer was grown at our typical growth rate of ∼1 µm/min. The n ++ layer growth rate was intentionally slowed to ∼80 nm/min to allow for the equilibration of process gas flows in the adjacent chamber [13] . We note that this slow growth rate will not be necessary in an envisioned production-style D-HVPE reactor and will not impact device throughput. The thicknesses of these layers are not optimal, with a p + layer thickness ∼0.75 µm and an n + thickness ∼0.02 µm. There is no fundamental limit in using HVPE to create thin layers; the intention here was to assess HVPE's suitability to create tunnel junctions in general. Issues involving tunnel-junction transparency will be discussed in more detail below. Fig. 2 shows JV measurements of the GaAs tunnel junction described above. The curve in Fig. 2(a) shows typical Esakitype tunneling behavior, with a peak tunneling current density of ∼8.6 A/cm 2 occurring before a region of negative resistance, followed by normal diode turn-ON at higher voltage. A dualjunction GaInP/GaAs solar cell operates at a current density of ∼15 mA/cm 2 at 1 sun. This indicates the operating current density of the tandem device will be less than the peak tunneling current until a concentrated illumination of approximately 570 suns. Above this point, the tunnel junction will limit the performance of the device, with a dip appearing in the JV curve. In practice, the peak tunneling current needs to be significantly higher than the current density in a real-world device due to effects such as nonuniform illumination, likely meaning that this particular tunnel junction would not survive all the way to 570 suns. However, it would likely operate successfully to several hundred suns of concentration. Fig. 2(b) shows a magnified portion of Fig. 2(a) . Note that the units on the abscissa are now in mV and that parasitic resistances from the contacts and substrate have not been removed. The tunnel junction acts like a current source in the series-connected device, so the voltage drop across the junction is determined by its performance at the operating current density of the device. Fig. 2(b) shows that a negligible voltage drop is expected due to the tunnel junction at 1-sun illumination, reaching a 2 mV drop at approximately 19 suns concentration.
We note that this tunnel junction is made from GaAs and would, therefore, parasitically absorb the light that is meant to be absorbed in the bottom subcell of a GaInP/GaAs tandem. This tunnel junction could be used above a subcell with a lower bandgap, for example, Ge or GaInNAs, but the development of a higher bandgap tunnel junction is necessary for use above a GaAs subcell. To begin to address this transparency issue, we incorporated a GaInP layer into one side of the tunnel junction. We chose the n-type side for replacement using GaInP because this is likely to be the limiting layer in a future GaInP/GaInP transparent tunnel junction due to lower expected n-type doping compared to GaAs. Fig. 3 shows JV curves for p ++ GaAs/n ++ GaInP tunnel diodes with two different H 2 Se dopant flows, along with the GaAs/GaAs diode reproduced from Fig. 2 for comparison. Each heterojunction diode displays both a peak in the current at relatively low voltage and a region of negative resistance, indicating that they are acting as tunneling interconnects. However, there is clearly a higher internal series resistance in these devices compared to the GaAs/GaAs version [14] . The sample with the higher dopant flow also shows a higher resistance and a slightly lower peak tunneling current (1.2 A/cm 2 versus 1.4 A/cm 2 ) than the diode with the lower flow. This may be a result of similar Se precipitation that was observed in the doping trends for GaAs as shown in Fig. 1(a) . Isotype GaInP calibration layers grown with these H 2 Se flows and measured using the Hall effect did show a slightly higher electrically active electron concentration for the sample that used 15 sccm of H 2 Se (∼9 × 10 18 cm -3 ) than for 20 sccm (∼7 × 10 18 cm -3 ). Future work will focus on improving the series resistance in these tunnel junctions, as well as developing GaInP/GaInP diodes for greater optical transparency.
We incorporated the GaAs/GaAs version of the tunnel junction into single-junction GaAs solar cell structures to assess their viability within a more complex device structure. Fig. 4 shows the device structure for a pair of devices that were nominally identical, except that one structure incorporated a tunnel junction between the rear of the device and the back metal contact, and the other used a similar thickness buffer layer (∼300 nm) that was uniformly doped. Both structures were grown on n + GaAs substrates in an inverted configuration and subsequently removed from the parent substrate during processing. In the case of the device with the tunnel junction (HB427), both the top and the bottom Au metal contact layers contact n-type GaAs, forcing current to go through both the device junction and the tunnel junction. In the control sample without the tunnel junction (HB426), the top metal contacts an n-type layer while the bottom metal contacts the p-type buffer layer, meaning there is only the device junction in this structure. Fig. 5 shows light JV measurements comparing the two cell structures. There is no change in either V OC or fill factor (FF) within the error of the measurements. There is an ∼8% drop in the short-circuit current density in the device with the tunnel junction, but we attribute this to a small difference in the thicknesses of the GaAs layers in the tunnel junction in HB427 versus the buffer layer in HB426, resulting in increased parasitic absorption. These data indicate that the tunnel junction effectively acts as a low-resistance wire without inflicting a voltage penalty on the performance of the device.
There could be concern that Zn out-diffusion might lead to tunnel junction failure. During the growth of a two-junction GaInP/GaAs solar cell in an inverted configuration, the tunnel junction will be subjected to the 650°C growth temperature for approximately three minutes while the bottom GaAs subcell is grown. This is very similar to the thermal budget applied to the samples in Fig. 5 where no degradation is evident at 1-sun illumination.
We also performed flash concentration measurements on HB427 to see if the tunnel junction continued to work at higher current densities. Fig. 6 shows light current-voltage (IV) measurements for two currents corresponding to approximately 36 and 99 suns concentration. There is no sign of tunneljunction-related breakdown in this device at the highest current tested. Higher current measurements were not completed due to equipment-related issues, so we cannot know at what concentration this device would eventually fail. At the very least, this result indicates that the device would perform well in commercial low-x concentration systems where low-cost epitaxy is critical for commercial viability. This is the first demonstration of HVPE-grown tunneling diodes, which were enabled by the D-HVPE process. Further research will be conducted to increase the peak tunneling current of these devices by maximizing the active dopant incorporation, especially in n-type material. We will also continue the development of junctions with higher bandgaps for low-absorptionloss tunneling appropriate for, for example, GaInP/GaAs two-junction devices.
IV. CONCLUSION
We have developed, for the first time, tunneling diodes using HVPE. These will help enable low-cost, high-efficiency, multijunction III-V devices that significantly outperform traditional crystalline Si in conversion efficiency. We showed p ++ GaAs/n ++ GaAs tunnel junctions with peak tunneling currents in excess of 8 A/cm 2 , sufficient for several hundred suns concentration with minimal voltage drop. Preliminary p ++ GaAs/n ++ GaInP tunnel junctions with higher transparency showed higher series resistance, but still showed peak tunneling currents >1 A/cm 2 . We also incorporated the GaAs/GaAs tunnel junction into the contact layer of a single-junction GaAs solar cell structure. There is no change evident in either V OC or FF, indicating that the tunnel junction is not a limit in the device performance. This device did not show any tunnel-junction-related degradation up to an illumination level of at least 99 suns.
